Two major obstacles in the utilization of electrical vehicles are their price and range. The collaboration of direct torque control (DTC) with induction motor (IM) is preferred for its low cost, easy implementation, and parameter independency. However, in terms of edges, the method has drawbacks, such as variable switching frequency and undesired current harmonic distortion. These drawbacks result in acoustic noise, reduced efficiency, and electromagnetic interference. A feed-forward approach for stator-flux-oriented DTC with space vector pulse-width modulation is presented in in this paper. The outcome of the proposed method is low current harmonic distortion with fixed switching frequency while preserving the torque performance and simple application feature of basic DTC. The method is applicable to existing and forthcoming IM drive systems via software adaptation. The validity of the proposed method is confirmed by simulation and experimental results.
NOMENCLATURE
Induction motor (IM) and interior permanent magnet synchronous motor (IPMSM) have been utilized as the main traction system by commercial electric vehicle (EV) companies in the last decade [1] - [3] . IPMSM has high efficiency [4] , [5] , and IM is inexpensive and reliable. Furthermore, the perfomance of IM, with appropriate control strategies, is comparable with that of costly permanent magnet alternatives; hence, it is a good candidate for low-cost EV production [6] , [7] .
The direct torque control (DTC) method has been extensively applied in many industrial fields since its invention [8] , [9] because of its fast and precise control response [10] , [11] . However, varying switching frequency, torque ripple, and current harmonics are the drawbacks of this method [12] , [13] . Undesired current harmonics result in acoustic noise and electromagnetic interference (EMI) problems [14] . Costly and large active or passive filters are required to attenuate the troublesome current harmonics and EMI in a wide band spectrum [15] , [16] .
Feed-forward controller is a favorable method to eliminate disturbance [17] , [18] . This method is also effective in exactly controlling complicated systems with simple models, as performed in [19] . This method is preferred to increase the control performance of simple control techniques, such as proportional-integral (PI) controller [20] or phase-locked loop method [21] . In this study, a simple torque model of IM is built to ensure that the complexity of all the systems does not increase. A feed-forward controller matched with a proportional controller is utilized to determine the voltage vectors of DTC with space vector pulse-width modulation (SVPWM).
SVPWM-based DTC is a popular method to reduce current ripple and overcome the variable switching frequency problem [22] , [23] . Any voltage vector with intended amplitude and angle can basically be generated by using available voltage vectors with SVPWM [24] . The difference between the applications is in the determination of appropriate voltage vectors and their duration. Satheesh et al. and Bassem et al. utilized different SVPWM-based DTC methods to overcome the variable switching frequency problem in [25] , [26] . Kenny et al. used the deadbeat control method to obtain the appropriate voltage vector and applied SVPWM to generate it at the cost of increased complexity [27] . Lai and Chen employed two PI controllers separately to determine the voltage vector components for flux linkage and torque generation and applied them with SVPWM. The PI controllers slowed down the torque response of the overall system [28] . Rashag et al. utilized a fuzzy logic controller instead of PI regulators to accelerate the process of determining the voltage vectors at the input of the SVPWM module [29] . Using a sliding-mode controller instead of a PI controller at the input of SVPWM is another option, as shown in [30] . Both method increase the torque performance of the system by utilizing a highly complicated controller instead of a PI regulator. Tang et al. utilized a modified SVPWM cycle to reduce torque and flux ripple at the cost of increased switching frequency. However, the method was not verified by the experimental results [31] . Discrete SVPWM can also be used to reduce the torque and current ripple in DTC-driven IM drives, as shown in [32] . All these methods are effective in reducing current ripple, but they require additional computational effort and violate the simplicity or motor parameter independency of the DTC algorithm. The advantage of the proposed method over these discussed ones is the use of basic DTC topology and its simple algorithm; moreover, no additional parameters are required
The basic DTC method compares the reference and estimated torque and stator flux linkage magnitudes to determine the optimum voltage vector to be applied. Torque and flux linkage estimation is performed with the measured voltage and phase current by using a voltage-model-based method [13] . A basic DTC scheme for EV applications with IM is shown in Fig. 1 [33] .
Most studies mainly focused on the torque performance of a system, and flux linkage ripple and current harmonics are regarded as second priorities only.
The main consideration of this study is to reduce current harmonic by smoothly rotating the stator flux linkage vector without any degradation of the torque performance of the basic DTC. A feed-forward controller is applied via the mean value of the measured voltage vector that is assigned for torque generation. A proportional controller is included to reduce the torque error while preserving the fast torque response characteristic. The proposed method is applicable to SVPWM that uses fixed switching frequency, thus leading to the possible usage of small and affordable line filters in the system. The voltage vectors of SVPWM and their interval are determined by calculating the magnitude of the horizontal and vertical voltage vector components assigned to flux linkage and torque generation, respectively. The controller is explained in detail in Section III.
A comparison of the proposed approach with the basic DTC scheme is presented. The simulation and experimental results reveal reduced flux and current ripple with low current harmonics at low and rated speed values. Simulation and experimental verification are performed for the basic DTC scheme and hardware, as shown in Fig. 1 . Their results also indicate that the proposed method is applicable to existing and forthcoming DTC drive system topologies.
II. OPERATION THEORY
DTC is an advanced method to retain IM torque and stator flux linkage parameters inside the control intervals by applying an appropriate voltage vector from six active and two zero vectors in a stationary DQ frame, as shown in Fig.  2 . In the stationary reference frame, where the D axis is attached on the stator winding of phase A, the stator and rotor voltage equations of IM are provided as Equs. (1) and (2) [28].
For squirrel cage IM, the rotor voltage "V r " is zero. Stator voltage and current vector can be handled by two voltage and two current sensor measurements [33] . The voltage and current magnitudes in the DQ frame can be determined for a wye-connected squirrel cage IM, as indicated in Equs. (3) to (8) .
The stator flux linkage vector in DQ frame Ψ sD / Ψ sQ and generated torque T est are estimated with Equs. (9) to (12) , as performed in [34] .
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III. PROPOSED METHOD
The instantaneous stator flux linkage vector can be represented in a stationary reference frame by its magnitude |ψ s | and angle Ө, as presented in Fig. 3 . The voltage vector to be applied, V x , can be decomposed into horizontal and vertical components with respect to the flux linkage vector to control the flux linkage magnitude and electromechanical torque, respectively, as defined in Equ. (13) .
The horizontal voltage vector component "V ψ " is associated with stator flux linkage magnitude, and the vertical voltage vector component V T is associated with electromechanical torque, as explained in [20] .
The magnitude of stator flux linkage vector Ψ s is a slowly varying parameter; it can be maintained within a small bandwidth (Equ. (14) ) by using an adequate control strategy, in which the resistive voltage drop by the stator current in Equ. (1) is neglected.
Controlling the stator flux linkage magnitude causes the rotor flux linkage magnitude to exhibit a small variation, as explained in Equs. (1) and (2) [35] ; thus, the electromechanical torque output can be controlled by load angle (Equ. (15)).
The rate of change in the torque output with respect to time is derived from Equ. (15) and shown in Equ. (16 
The variation in load angle is a result of the difference between the angular speeds of stator and rotor flux linkage vectors, as depicted in Fig. 4 . To increase torque at the motor output via load angle, vertical voltage vector component V T is applied to the motor windings in the counter clockwise direction for the related counter clockwise operation at a Any sufficiently small angle magnitude can be expressed as its sine value (Equ. (17)).
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The variation in load angle can be determined by subtracting the variation in stator and rotor flux linkage angles (Equs. (18) to (21)).
Equ. (21) indicates that load angle can be controlled by the vertical voltage vector for an operation point defined as constant rotor speed and stator flux linkage magnitude. Therefore, vertical voltage vector V T exists; it indicates that load angle and motor torque output variation are zero. In applications, torque and applied voltage magnitude have ripples because the required voltage is generated as the sum of two sequential voltage vectors; thus, the mean values of variables are preferred instead of instantaneous values for modeling. Torque generation of IM by the applied voltage vector can be modeled with a first-order equation (Equ. (22)). The assumption is as follows: at any operation point, the mean value of the applied vertical voltage vector is associated with the mean value of the output torque. The calculation of k for any operating point is the core of this study.
where V T-mean and T est-mean are the mean values of the vertical voltage vector and the estimated electromechanical torque, respectively. For any operating point, the required vertical voltage vector to generate the reference torque output can be estimated via the k value calculated in the previous step. The torque error in the control system is the difference between the reference and estimated torques in Equ. (23) .
The control law, as depicted by Equs. (24) and (25) sin cos cos sin
Moreover, Park transformation [13] 
IV. SIMULATION STUDY
The proposed method is applied to a particular case to verify its effectiveness. A simulation is implemented in the Simulink environment by using the block diagram shown in Fig. 6 .
Phase voltage and current measurement blocks are utilized for torque and flux linkage vector estimations with Equs. (3) to (12) . The estimated torque and flux linkage are compared with the reference ones. Horizontal voltage vector Vψ is calculated with Equ. (14) . Vertical voltage vector VT is calculated with the controller depicted in Fig. 5 . The calculated vertical and horizontal voltage vectors are transformed into a stationary frame that is appropriate for SVPWM.
The parameters of the test motor measured and adopted in the simulation are provided in Table I. A square wave torque reference signal of 1 Hz 4.5 Nm is applied to evaluate the effectiveness of the proposed method. Figs. 7(a) and 7(b) show the electromechanical torque output for the basic DTC and the proposed method, respectively. Torque output has a set bandwidth for the basic method, whereas the bandwidth for the proposed method is determined by motor operating point and switching frequency. The switching cycle Δt for SVPWM is set to 2 ms to make the switching frequency 5 kHz for the simulations. The switching frequency of the basic DTC varies between 3 and 6 kHz. The fast torque response property of the basic DTC method is preserved in the proposed method.
An efficient operating point for the test motor by stator flux linkage is approximately 0.5 Wb. The flux linkage reference value is set to 0.5 Wb for the simulation and experimental verification tests. Fig. 8 shows the flux linkage outputs for the basic DTC and the proposed method.
The basic DTC method requires 17 ms to settle at startup and 35 ms when the torque reference is shifted. The flux linkage ripple is higher than that of the proposed method. The proposed method requires only 6 ms settling time at startup. Its flux linkage ripple increases with speed as a result of the fixed switching frequency but is still lower than that of the basic DTC at steady state (Table II) . The deviation from the reference is used in ripple computation. Steady state and transient ripple are similar for the proposed method because no priority exists between torque and flux linkage in the control law.
The improvement in flux linkage ripple leads to a reduction of the total harmonic distortion for the phase current of IM. The phase current and frequency spectrum for the rated speed under rated load are depicted in Figs. 9(a) to 9(d) for DTC and the proposed method.
The total harmonic distortion value is 11.91% for the basic DTC and 4.86% for the proposed method. The harmonic content of the basic DTC spreads in a wide spectrum, whereas it is centered around the multiples of switching frequency in the proposed method, which makes it beneficial for filter design.
The vertical voltage vector is crucial in the torque response of the system via the proposed method. The vertical vector magnitude while the torque reference is shifted between 4.5 and −4.5 Nm is depicted in Fig. 10 . The vertical voltage vector is increased by the rotor speed in a predetermined band.
The calculation of the k value is the core of the proposed method. At startup, the prediction of k is not viable until the motor stator flux linkage value reaches the set value. Afterward, the k value exhibits a smooth change for the constant torque reference. When the torque reference is shifted, the k value is updated for the new operating point, which results in a sudden change in the k value, as shown in Fig. 11 .
The torque performance of the proposed method is also assessed by means of a city drive cycle on an imaginary Fig. 12 . The vehicle dynamics of an electric motorcycle are utilized to determine the torque requirement [36] . A PI controller is inserted into the block diagram in Fig. 6 , as in Fig. 1 , to track the speed reference.
The kinematics of the electric motorcycle are shown in Table III. V. EXPERIMENTAL VERIFICATION A wye-connected experimental IM drive system (shown in Fig. 13 ) is built in the laboratory to verify the proposed DTC scheme experimentally.
The setup is designed as a basic DTC drive system topology and used for both basic DTC and the proposed method to observe the distinction. DTC software is developed in the Simulink environment, and a dSpace 1104 controller board is utilized to implement the real-time algorithm. The motor is driven by a six-switch insulated-gate bipolar transistor bridge inverter. The SVPWM frequency is set to 1 kHz during the tests. Phase voltages and currents are measured with sensors to estimate the electromechanical torque and flux linkage. The test setup is shown in Fig. 14 .
The test results are obtained either by oscilloscope measurements or calculated variables handled via the dSpace I/O board. Harmonic analysis is accomplished with measured and recorded data files.
The main advantage of the proposed method over basic DTC is the reduced flux linkage ripple. The flux linkage reference is set to 0.5 Wb and estimated with the low-pass filter method. A step change in torque reference is applied to observe both transient-and steady-state flux linkage outputs for both methods, as shown in Figs. 15(a) and (b) , respectively.
The flux linkage ripple data for both situations are shown in Table IV . The proposed method has low ripple for both steady and transient states. The flux linkage output is unaffected by the step change in the torque output, but the basic DTC requires 60 ms to settle.
The improvement in flux linkage ripple results in a low harmonic content in phase current in the steady state at low and rated speed operations, as depicted in Figs. 16 and 17 . The phase current of the proposed method is close to a sinus Fig. 16 . Phase current at 400 rpm for (a) basic DTC and (b) the proposed method.
shape, as observed in the oscilloscope measurement. The total harmonic distortion values are 14.1% and 6.3% at low speed and 19.6% and 9.07% at rated speed for basic DTC and the proposed method, respectively. The horizontal and vertical voltage vectors are controlled separately. The vertical voltage needs to be increased to generate constant torque as the motor speed increases; the same condition applies to the reverse rotation. Torque The estimated torque and applied vertical voltage vector, which are depicted in Fig. 19 , are required to calculate the k value that is defined in this study by Equ. (22) . Fig. 19 shows the k value and estimated torque.
Contrary to basic DTC, the proposed method controls the torque output and flux linkage separately. The required voltage vector and its duration are calculated in a stationary DQ frame via a novel approach and applied to a drive system by SVPWM. Improvements in the flux linkage ripple and phase current harmonic distortion are observed from the simulation and experimental results. Furthermore, the fast torque response of the basic DTC is preserved.
VI. CONCLUSION
This paper presents a feed-forward approach with a proportional regulator for stator-flux-oriented DTC with SVPWM having low current harmonic distortion while preserving the simple application and fast torque response property of basic DTC. The proposed approach exhibits good performance by means of flux regulation with fixed switching frequency, which results in reduced phase current harmonics. This approach also has the advantages of simplicity for the filter design and flexible selection of the switching elements in the inverter. Another advantage of the proposed method is its applicability to current motor drive systems with software adaptation. The proposed method neither requires motor parameters, except stator resistance, nor complicated algorithms. Hence, it is a good candidate for the online selection of voltage vectors in the DTC of IM for current and future low-cost EV applications. The simulation and experimental results confirm the effectiveness of the proposed method.
